The thymus is a target of multiple pathogens. How the immune system responds to thymic infection is largely unknown. Despite being considered an immune privileged organ, we detect a mycobacteria-specific T cell response in the thymus following dissemination of Mycobacterium avium or Mycobacterium tuberculosis. This response includes pro-inflammatory cytokine production by mycobacteria-specific CD4 + and CD8 + T cells, which stimulates infected cells and controls bacterial growth in the thymus. Importantly, the responding T cells are mature peripheral T cells that recirculate back to the thymus. The recruitment of these cells is associated
Introduction
The appearance of adaptive immunity in jawed vertebrates is considered a major step in the evolution of the immune system, as it provides the host with a crucial tool to combat microbial pathogens: namely B and T lymphocytes [reviewed in (1, 2) ]. B and T lymphocytes express antigen receptors that result from the recombination of germline encoded gene segments, which establishes a diverse repertoire of antigen receptors. This allows B and T cell antigen receptors to recognize antigens the host has not previously encountered. The TCRs, which recognize short linear peptide fragments in the context of antigen presenting molecules (class I or II MHC), allow the host to survey both the intra-and extracellular environment.
The diverse repertoire of TCRs, which are generated by genetic recombination, creates specific challenges for the immune system. First, not all TCRs generated will recognize self-MHC/peptide complexes. Second, some TCRs will recognize self-MHC/peptide complexes with such a high affinity/avidity that will render them potentially autoreactive. To avoid full differentiation of T cells with these unwanted characteristics, thymocytes go through a complex process of selection during their differentiation in the thymus. T cell precursors emerge from the bone marrow and home to the thymus, a primary lymphoid organ that exists for the purpose of supporting T cell differentiation. Two fundamental selection processes occur during T cell differentiation in the thymus -positive and negative selection [reviewed in (3) ]. The outcome of thymic selection depends on the organ microenvironment including which antigens are present within the thymus and the cytokine milieu surrounding the differentiating cells. Positive selection creates a pool of thymocytes that bind self-MHC/peptide complexes while T cells expressing TCRs that fail to bind these complexes undergo cell death by apoptosis. T cells expressing TCRs that bind self-MHC/peptide complexes with high affinity/avidity are also eliminated through negative selection. This process of central tolerance is essential to generate a repertoire of T cells that is self-restricted and self-tolerant, and which limits the development of potentially autoreactive T cells. Thus, proper thymic activity is crucial for the development and maintenance of a repertoire of functional T cells. Infants born with genetic mutations that abrogate T cell differentiation are profoundly susceptible to infection, which confirms the essentiality of T cells for cell-mediated immunity (4) .
Thymic activity decreases naturally with age, although the adult thymus still supports T cell differentiation and T cells continue to be exported into the peripheral T cell pool (5, 6) .
Coincident with T cell differentiation and thymic activity, the developing immune system is assaulted by various microbial pathogens. In fact, thymic function is affected during infection by several pathogens, including species of bacteria, virus, fungi and parasites (7, 8) . Both in humans and animal models the thymus is itself a target of infection (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Infection of the thymus by mycobacterial species has been reported both in humans (16) and in animal models (17) (18) (19) . The incidence of thymic infection during active tuberculosis is unknown although there are several case reports in the clinical literature (16) . However, it is relevant that vertical transmission of tuberculosis (mother to child) frequently occurs during early childhood, at the height of thymic activity (20) .
Although the thymus has been formerly considered an immune privileged site (21) , this idea is being reconsidered. In fact, it is clear that protection of the thymus from infection, particularly during childhood, a time of diverse and recurrent infection, should be a function of the immune system. Since negative selection of T cells depends on the antigens encountered in the thymus during differentiation, infection of this organ could theoretically lead to the development of immune tolerance to pathogens. How the immune system prevents, or combats thymic infection, to maintain the organ's integrity and function, and keep it free from microbial antigens is still unclear. Interestingly, the thymus does contain several populations of mature T cells. These include innate lymphocytes such as iNKT cells (22) , γδ T cells (23) , and MR1-restricted MAIT cells (24) , all of which have been implicated in host defense against infection.
In addition, there are recirculating conventional CD4 + and CD8 + T cells (25) . Why mature T cells should recirculate back to the thymus is unknown, although others have hypothesized that these T cells play a role in surveying the thymus for infection [reviewed in (25) (26) (27) ].
Despite the introduction of BCG vaccination a century ago and the development of multiple pharmacological drugs that are active against mycobacteria, these bacteria are still one of the most prevalent infectious agents worldwide (28 (29) . Some of these are opportunistic infections and mainly affect immunocompromised individuals (30) . In fact, the spread of HIV dramatically increased the prevalence of active mycobacterial infection, which is the main cause of death in patients with AIDS (31).
We previously showed that experimental infection with M. tuberculosis and M. avium leads to the establishment of thymic infection in chronically infected mice (18, 19) . Now we report that infection of the thymus is followed by the establishment of protective immunity within the thymus, characterized by the appearance of both CD4 + and CD8 + T cells specific for mycobacterial antigens. These antigen-specific T cells do not originate from the pool of differentiating T cells in the thymus, but are instead T cells that recirculate from peripheral organs back to the infected thymus to control infection. Their recruitment to the thymus correlates with the expression of the chemokine receptor CXCR3 and the production of CXCL9
and CXCL10 by the infected thymus. These data are the first to show that T cell recirculation to the thymus is a mechanism used by the immune system to survey and protect the thymus from infection and maintain thymic integrity.
Materials and Methods
Mice and infection C57BL/6 (WT) mice were purchased from Charles River Laboratories (Barcelona, Spain) or from Jackson Laboratories (Bar Harbor, ME) and CD45.1 mice (B6.SJL-Ptprca Pepcb/BoyJ) (32) and TCR KO (B6.129S2-Tcra tm1Mom /J) from The Jackson Laboratory (Bar Harbor, ME)(33).
RAG-GFP mice (34) 
Gene expression analysis
Total RNA was isolated from thymi, spleens and lungs using TRIZOL reagent or TRIZOL Plus RNA purification system (Invitrogen, CA, USA). Five hundred nanograms of total RNA were amplified using the Superscript RNA amplification system (Invitrogen CA, USA) according to the manufacturer's instructions. mRNA transcripts were assessed by quantitative real-time PCR (38) . Incubation in the presence of Concanavalin A (4 µg/ml; Sigma) or αCD3/αCD28 (1 mg/mL; BioLegend) or in the absence of stimuli were used as positive and negative controls, respectively. Supernatants were collected after 72 h of culture and the concentration of IFN was determined by ELISA (R4-6A2 and biotinylated AN18 were used as capture and detection Abs, respectively, from eBiosciences; or using the Mouse IFNγ ELISA MAX Standard kit, from Biolegend). were transferred intravenously to each recipient. Recipient mice (CD45.1) had been infected for 12 weeks, and were analyzed 24 h following transfer. After sacrifice, magnetic bead-based enrichment was performed on single cell suspensions of thymocytes, as previously described (39) . Briefly, cells were stained with a PE-labeled antibody specific for mouse CD45.2 (104) (from Biolegend, CA, USA), followed by incubation with anti-PE beads (from Miltenyi Biotec, Germany). Magnetic separation was performed with an autoMACS separator (Miltenyi Biotec, Germany). The bound fraction, enriched for donor cells, was analyzed by FACS (as described above).
Statistical analysis
All data are represented as mean + SEM. Data were verified for Gaussian distribution or MannWhitney U test were performed to compare two groups. To compare more than 2 groups, one-way ANOVA, followed by Bonferroni post-hoc test was performed. Differences with a p<0.05
were considered significant and represented by *.
Results

Thymic integrity is maintained following mycobacterial infection.
The ability of mycobacteria to disseminate to the thymus has been previously described upon aerosol challenge with M. tuberculosis [ Figure 1A and (18)] and following intravenous infection with M. avium (18, 19) . In both cases the bacterial load in the thymus is initially low or undetectable, but increases profoundly until it plateaus, in a pattern similar to the one observed in the lung and spleen, indicative of immunological restriction of bacterial replication. However, bacterial dissemination to the thymus is delayed compared to other organs, and peaks late during the course of infection -16 weeks post infection (wpi) for M. avium (18, 19) and 12 wpi for M.
tuberculosis ( Figure 1A ). In addition, thymic infection by M. tuberculosis is also more heterogeneous, with a small fraction of mice having undetectable bacterial load within the thymus even at 24 wpi ( Figure 1A ). The fact that we did not observe this heterogeneity previously (18) might be a consequence of the greater number of animals studied in the present experiments or of slight differences in the infection protocol (different M. tuberculosis strains and/or different apparatus used for aerosol infection).
As previously observed for M. avium infection with a low virulence strain (19) Figure 2D ). These data show that the thymus is the site of an ongoing immune response that involves the production of proinflammatory cytokines after infection, and the cytokine levels peak concordantly with the control of bacterial replication.
Mycobacteria-specific T cells are detected in the thymus after infection.
To determine whether a mycobacteria-specific T cell response accompanies the inflammatory changes observed in the infected thymus, IFNγ production by thymus cells obtained from infected mice after stimulation with defined mycobacterial antigens was assessed. wpi, a more substantial response was detected 12 wpi ( Figure 3B ) and, as in the case of M. avium, in quite lower amounts and associated with control of the infection and a plateau of the bacterial burden in the thymus ( Figure 3B ).
We also determined the frequency of TB10. 
Mycobacteria-infected thymi contain cells able to transfer protection against infection.
Having shown that the thymus is a site of infection where antigen-specific immune responses are detected, we next asked whether cells within infected thymi could confer protection against subsequent infection. To that end, we transplanted M. avium-infected or uninfected thymic lobes from WT mice under the kidney capsule of TCR KO mice (33) , that lack peripheral β T cells ( Figure 5A ).
The transplanted mice were challenged with M. avium and sacrificed at 4 or 8 wpi, at which time thymic engraftment was confirmed macroscopically. At both time points, the spleens of mice transplanted with infected or uninfected thymic lobes had similar numbers of CD4 + T cells, indicating that cells leaving the infected or uninfected thymus were equally able to reconstitute the peripheral T cell pool of the recipient TCR KO mice ( Figure 5B ). Both groups receiving thymic transplants had lower bacterial burdens than the untransplanted TCR KO mice ( Figure 5C ). This demonstrates that the cells emerging from the thymic grafts are functional and can mediate protection against microbial pathogens. Importantly, mice receiving infected thymic grafts were significantly more protected than those receiving uninfected grafts, despite similar T cell reconstitution ( Figure 5C ). These data support the hypothesis that the greater protection conferred by the infected thymic grafts is mediated by M. avium-specific T cells contained within the grafts, that efficiently confer protection against infectious challenge.
Mycobacteria-specific T cells within the thymus are recirculating cells.
After establishing that antigen-specific T cells within the infected thymus produce protective cytokines, induce NO production, and transfer protection, we next sought to determine the origin of these cells. In particular, we wished to determine whether differentiating T cells were primed in the thymus, or alternately, whether mature mycobacteria-specific T cells, primed in the periphery, traffic to the thymus.
Our previous data demonstrated that T cells that differentiate within M. avium-infected
thymi are tolerant to the invading pathogen (19) . Moreover, newly differentiated T cells arising from the thymus are not fully mature (50) and need additional signals within secondary lymphoid organs to achieve full differentiation (51, 52) . Therefore, we used a genetic model in which GFP is expressed under the control of the RAG2 promoter (34) , for the purpose of identifying newly differentiated T cells in the thymus. The RAG2 enzyme is essential for genetic recombination of B and T cell antigen receptors and is down-regulated afterwards. Even though RAG2 is downregulated after T cell differentiation in the thymus, cells remain GFP + for about 2 weeks (50). As
such, it is highly expressed in differentiating T cells and its expression is a useful marker to distinguish between newly differentiated T cells (high to intermediate GFP expression) and mature peripheral T cells (no GFP expression).
When RAG-GFP mice were infected with M. avium there was no difference on the percentage of GFP -among CD4SP cells, suggesting that there is no difference on the amount of 
T cell chemokines are increased in the thymus during infection.
The above results indicate that antigen-specific T cells from the periphery respond to infection in the thymus by trafficking back to this organ. To determine whether increased chemokine production is associated with the recruitment of mycobacteria-specific T cells to the thymus, we measured the expression of chemokines that recruit T h1 cells (54) , including CXCL9, CXCL10 and CCL4, after M. avium and M. tuberculosis infection. We found increased mRNA expression of all three chemokines in the primary infected organs during M. tuberculosis infection and at least at the initial phase of M. avium infection ( Figure 7A and B). These chemokines were also detected in the thymus though at lower levels and at later time pointsafter 16 wpi for M. avium ( Figure 7A ) and 12 wpi for M. tuberculosis ( Figure 7B) . At the protein level, increased CCL4 was detected in the spleen but not in the thymus during M. avium infection, possibly because the expression levels were low (data not shown). During M.
tuberculosis infection, the expression of these chemokines was strongly induced in the lungs of mice infected for 4 weeks, and the responses appeared maximal for all three chemokines by 12 wpi ( Figure 7C ). These chemokines were also highly expressed in the thymus, but their expression was not detected until 12 wpi ( Figure 7C ).
The high levels of CXCL9 and CXCL10 detected in the infected thymus led us to investigate whether mycobacteria-specific T cells express CXCR3, the receptor for these chemokines (54) . We found the majority of TB10.4 4-11 -specific CD8SP T cells in M. tuberculosis infected thymi to express high levels of the chemokine receptor CXCR3 ( Figure 7D and E).
To support a role for CXCR3 in the recruitment of antigen-specific T cells to the infected thymus, we adoptively transferred purified splenic T cells obtained from M. tuberculosis infected donors into congenically marked infected recipients (Supplementary Figure 2) . Analysis of the donor cells immediately before transfer found that 30-40% of the CD4 + and CD8 + T cells expressed CXCR3. 24 hrs after injection, the proportion of donor CD4 + and CD8 + donor T cells recruited to the thymus that expressed CXCR3 was increased to 65-85%. The increased CXCR3
expression was limited to the infected thymus, and was not observed in the spleen or the lung of recipient mice ( Figure 7F and Supplementary Figure 2) . This data suggests that CXCR3
participates in the recruitment of antigen-specific cells to the infected thymus. Thus, although the thymus is the key organ for T cell differentiation, mycobacteria-specific T cells from the periphery are recruited to the thymus following infection. Our data is consistent with the chemokines CXCL9 and CXCL10 playing an important role in the recruitment of these antigenspecific T cells from peripheral organs to the thymus in order to fight infection.
Peripheral recirculating T cells within infected thymi efficiently confer protection against infection.
To confirm that peripheral T cells recirculating to infected thymi are the ones that confer have shown that mycobacteria disseminate to the thymus (18, 19) and alter the process of T cell differentiation leading to tolerance against the invading pathogen (19). Here, we address whether and how the immune system is able to defend the thymus against infection, to preserve its structure, and its ability to generate T cells.
Our results show that like other tissues that are the target of mycobacterial infection, mycobacteria-specific T cells appear in the thymus following the dissemination and subsequent growth of bacteria. Furthermore, the appearance of antigen-specific T cells roughly correlates with the host's ability to control bacterial growth in the thymus. Antigen-specific T cells in the thymus secrete IFNγ and stimulate antimicrobial functions of infected cells, as manifested by the upregulation of iNOS. Thus, T cell responses in the thymus resemble ones occurring in the lung or spleen although they differ in magnitude. In fact, both the number of antigen-specific T cells and related immune molecules detected in the thymus is significantly lower than found in the lung or the spleen. Although the thymic immune response is less pronounced, its ability to control bacterial growth seems similarly efficient as the one established in other peripheral organs. Additionally, our previous data shows that cellular infiltrates and granuloma-like lesions, characteristic of inflammation in other tissues, are not detected in the infected thymus (18) . The reasons for this difference are not clear, but we speculate that avoiding a massive proinflammatory state and preventing disruption of the cellular architecture is required for the thymus to remain functional. The smaller magnitude of the thymic-associated immune response might contribute to the maintenance of thymic integrity during the course of infection. It has previously been shown that infection with a highly virulent M. avium strain, which is associated with a vigorous immune response, causes robust thymic atrophy (48) . Recent results from our laboratory (55) show that this depends on a synergistic effect between IFNγ-induced iNOS induction and corticosteroid production, as blocking the effect of each one individually prevents thymic atrophy. Of notice, infection with the low virulence M. avium strain used in the present work is not accompanied by increased serum levels of corticosteroids (55), which may contribute to the maintenance of thymic integrity reported here.
An important question that our data address is the origin of antigen-specific T cells in the thymus that mediate protection against mycobacterial infection. In our model, T cells from the periphery recirculate back to the thymus and are responsible for bacterial control. Thus, although the thymus maintains the differentiation of T cells during infection, these do not appear to be the cells that defend the thymus against infection. These data are consistent with our previous results
showing that newly differentiated T cells that mature in a thymus infected by M. avium are tolerant to mycobacterial antigens, and consequently are not optimally able to establish protective immunity (19) . Interestingly, T cells that differentiate in an infected thymus were not completely impaired in their ability to proliferate, to traffic to infected organs, and to confer a small amount of protection against infection, albeit less efficiently than T cells that develop within an uninfected thymus (19) . In agreement with those findings, we now report that newly differentiated T cells are much less effective at conferring protection than peripheral T cells that recirculate back to thymus. Therefore, we conclude that recirculation of peripheral activated T cells back to the thymus is a mechanism to survey and protect this organ from invading pathogens.
These data are also in agreement with other work that finds newly differentiated T cells defective in T h1 commitment (dampened cytokine production and transcriptional factor expression) and biased toward the T h2 lineage (56) , and a requirement for newly differentiated T cells to exit the thymus and reside in the periphery before they become fully functional (50-52).
Another interesting question arising from this study concerns whether the antigenspecific cells found in the thymus are primed in peripheral organs and traffic back to the thymus because of thymic infection, or are recirculating T cells that traffic back and are then primed within the infected thymus. Although we have not addressed this question directly, our data on the production of T h1 chemokines within the infected thymus, the expression of the cognate chemokine receptors by the antigen-specific T cells found within this organ, and the preferential recruitment of CXCR3 + cells to the infected thymus, strongly supports the notion that the antigen-specific T cells found in the thymus are primed in other tissues during infection and then traffic to the thymus in response to a chemokine gradient.
Thymic recirculating T cells, the focus of multiple studies, have had numerous functions attributed to them including thymic surveillance, tolerance induction, and even modulation of both negative and positive selection (25) (26) (27) . To our knowledge, the results presented here are the first evidence that recirculating T cells fight infection in the thymus, a function that has been previously hypothesized (25, 57, 58) . The observation that mycobacteria-specific T cell trafficking to the thymus is associated with an increase in the levels of T h1 -related chemokines in this organ, and the expression of specific chemokine receptors such as CXCR3 by the recirculating T cells, lead us to propose that the immune system has evolved mechanisms to recruit peripheral T cells to the thymus during infection. This might ensure that invading pathogens are unable to disrupt the thymus, the primary lymphoid organ where T cells are generated. Such mechanisms must be particularly relevant for pre-natal and early childhood infections. In both scenarios, pathogen dissemination to the thymus could lead to the presentation of microbial antigens in a "self" context, and lead to the deletion of developing T cells that recognize pathogen-specific antigens. Exclusion of pathogen reactive T cells from the peripheral pool could have severe effects during childhood, when the peripheral T cell pool is still developing, but the consequences could persist throughout adulthood.
Childhood infections are a great cause of morbidity and mortality, particularly in the developing world (59) . Interestingly, HIV and M. tuberculosis, two of the most important pathogens in infants and young children, are both able to infect the thymus (16, 60) and thymic infection alters the output and selection of T cells in experimental models using these pathogens (9, 19) . The evidence that thymic infection can compromise thymic function implies that the recruitment of protective immune responses to the thymus is essential to prevent detrimental alterations in immunological function.
The implications of our study extend beyond childhood infection. Skepticism about the potential immunological consequences of thymic infection would not be surprising if one were to believe the dogma the adult thymus becomes immunologically useless as it ages and progressively loses function. However, our understanding of the role of the thymus during adulthood is rapidly evolving. Interestingly, the control of persistent infections has been suggested to benefit from the continuous recruitment of naïve T cells generated in the thymus (61, 62) . In this case, alterations in the development of these T cells could be detrimental to the ongoing immune response. The integrity of the adult thymus is required for other aspects of ongoing immune responses such as antibody generation (63) . This observation raises the hypothesis that thymic disruption secondary to infection can impair T cell responses to infection as well as other components of the immune system. Additionally, decreased thymic output contributes to the progression from HIV infection to AIDS (7, 64) , indicating that thymic export is important in the context of chronic infection in adults, especially in the context of M.
tuberculosis/HIV co-infection. Combined, these data show that thymic infection has an impact on the development of the immune system and ongoing immune responses to pathogens. Thus, it
is not surprising that mechanisms have evolved to specifically respond to the invasion of the thymus by microbial pathogens. We propose that the recirculation of T cells from the periphery to the thymus, and the presence of mature T cells in this organ, represent strategies that evolved to protect the thymus and sustain its activity during and after infectious episodes. 
